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Abstract
A self-propelled sprayer with a 27-m boom was instrumented to measure
inadvertent boom movement and acceleration during field operation to quantity
application uniformity. The instrumentation system was developed to monitor boom end
heights, accelerations, and sprayer longitudinal position along a track. Acceleration
measures included longitudinal (x), vertical (y), and transverse (z) components at the
sprayer vehicle rear, boom center, and at each boom end. A PC-based data acquisition
system polled sensors at 2.5 kHz. Software-implemented, 2nd-order Butterworth band
pass (0.1 to 15 Hz) filtering of raw data reduced signal noise. Y-accelerations at the boom
center ranged from 1.5 to –0.8 g after filtering. Natural frequencies of the sprayer vehicle
and boom ranged from 4 to 5 Hz in x, y, and z directions on a smooth track. A 20-cm
track bump resulted in different sprayer and boom frequencies in the y direction (1 to 2
Hz), and in the x and z directions (5 to 6 Hz). The bump excitation increased the peak
power level 12.86 dB for the y direction at both boom ends compared with the power
levels from the smooth track. A 20-cm dip and an opposing 20-cm bump in the sprayer
track had an insignificant effect in shifting primary natural frequency components in the
y direction; however, the dip reduced natural frequency components (< 5 Hz) in the x and
z directions at the boom center. A one-half sprayer tank load of water (1514 L) dampened
vehicle vibration so that the water load changed the main natural frequency components
(< 4.5 Hz) and reduced power levels (~55 %) in the y direction at the boom center.
Boom acceleration and height effects on spray deposit were determined for
distinctly different track conditions, droplet spectra, and sprayer tank loads using the
instrumented self-propelled sprayer with a 27-m boom at 12.8 km/h. Track configurations
iv

were smooth, 20-cm-high bump, and 20-cm-high bump and an opposing 20-cm-deep-dip.
Droplet spectra included 255 and 588 µm volume median diameters (Dv0.5) as determined
by laser diffraction. Sprayer tank loads were either one-half capacity or empty. Results
indicated three-dimension accelerations and boom end heights, for smooth, bump, and
bump and dip tracks, ranging from 1.8 to –1.1 g, 14.3 to –6.7 g, and 20.7 to –11.0 g and
2.0 to 1.2 m, 2.6 to 0.5 m, and 3.5 to 0.4 m, respectively. Small droplets of 255 µm (Dv0.5)
resulted in a spray coverage range from 11 to 22 % with a maximum coefficient of
variation (CV) of 55 %. Small droplets produced Pearson correlation coefficients
between coverage and localized, instantaneous boom height ranging from –0.40 to –0.58.
Large droplets of 588 µm (Dv0.5) resulted in a spray coverage range from 9 to 18 % with a
maximum CV of 39 %. Pearson correlation coefficients between large droplet coverage
and localized, instantaneous boom height ranged from 0.49 to –0.62. Spray coverage
significantly (P < 0.05) correlated with accelerations in 11 and 15 % of acceleration
direction-test run combinations for 255 and 588 µm (Dv0.5) droplets, respectively.
Similarly, droplet density significantly (P < 0.05) correlated with accelerations in 26 and
22 % of combinations for 255 and 588 µm (Dv0.5) droplets, respectively. Instantaneous
boom heights less than 1.5 m maximized spray coverage and minimized variation in
coverage for 255 µm (Dv0.5) droplets. Boom height did not significantly affect spray
coverage and droplet density of the 588 µm (Dv0.5) droplets.
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Part I
General Introduction

1

Improving the efficiency of agrochemical application is an effective way to
accomplish an economically successful and environmentally-friendly farming operation.
Due to an increase in agrochemical prices during the last decade (USDA-NASS, 2003),
less than perfect agrochemical application efficiency may mean increased production cost,
and undesirable contamination of the environment.
Agrochemical application may have been improved by applying intended rates to
individual plants or specific locations using weed mapping and machine vision systems
(Gillis et al., 2003; Steward et al., 2002). However, difficulty in applying agrochemicals
at the intended rate using boom sprayers in the field is compounded by several factors.
For instance, air turbulence, terrain conditions, boom suspension, and selection and
spacing of nozzles all affect application uniformity. Although development of variable
rate nozzles provides some flexibility of nozzle selection in terms of flow rates.
Boom dynamics increase the potential for spray drift, and under- and overapplication of the spray deposit. Potential drift is increased with increase of the sprayer
speed and boom height (Matthews, 2000). The effects of the unwanted boom
displacement due to dynamics on the agrochemical application have been investigated by
a number of researchers
Rogers et al. (1982) defined the main parameters of boom behavior for spray
distribution: boom height variation, boom vertical acceleration, and overall boom center
height variation. Chaplin and Wu (1988) included sprayer tank load and tire pressure in a
dynamic model, and concluded that increasing water tank load and decreasing tire
pressure had effects on increasing spray distribution variation.
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Langenakens et al. (1995) suggested that horizontal boom vibration is a major
cause of irregular spray distribution. Krishnan et al. (1993) studied the effects of boom
bounce employing fan nozzles on a fixed boom, and found that sprayer bounce had a
significant effect (P<0.05) on spray pattern displacement.
Smith et al. (2000) suggested that spray drift involves not only the design and
operation of sprayers but also the meteorological variables related to an application.
Derksen et al. (1999) indicated that spray drift is often related to spray droplet movement,
application method, and equipment.
Mawer and Miller (1989) concluded that 2 degrees increase in roll angle of the
boom caused increasing coefficient of variation (CV) of spray deposit of an 18-m boom
at the optimum height which gives the most even distribution for particular nozzles and
nozzle spacing. They concluded that the CV of spray deposit was a function of nozzle
height changes.
One technique for decreasing boom acceleration is to implement boom
suspensions for dampening boom acceleration. Implementing boom suspensions may
improve uniformity of spray deposit, minimize spray drift, and reduce the risk of fatigue
failure (Mawer and Miller, 1989).
Boom suspensions are classified into active and passive suspensions. Active
suspensions may have power sources, actuators, sensors, signal processing, feedback, and
amplifying elements (O’Sullivan, 1988). Passive suspensions may have combinations of
springs, links, and dampers without a power supply (O’Sullivan, 1988; Derksen, 1989).
O’Sullivan (1988) developed a mathematical models for a pendulum type active
and passive suspension, and the models were verified by matching predicted and
3

simulated results. The simulation was conducted on an experimental boom vibration test
set up. Marchant and Frost (1989) developed a feedback control system for active twin
link spray boom suspension using signal-state feedback techniques.
Kennes et al. (1999) categorized major passive suspensions as pendulum and
trapezoidal suspensions. They simulated movements of both types of suspensions by
excitations from hydraulic actuators at the suspension of booms. Study results concluded
that boom suspensions greatly reduced vertical boom movement compared with fixed
booms.
Active boom suspensions are rare due to increased cost. Wide booms are expected
to be accepted for increasing productivity (De Baerdemaeker et al., 1983), however they
are usually costly to manufacture. Additionally, large booms typically have several
breakaway points to increase boom dynamic control complexity. So passive boom
suspensions may have advantages of optimal boom dynamic management and
affordability.
Spray boom dynamics with improved suspensions should be evaluated in order to
develop suspensions for optimal boom dynamic control, and improved uniformity in
spray deposit. Evaluation results may lead toward optimal suspension design.
Sinfort et al. (1994) developed a hydraulic servo-jack test protocol to monitor
three-dimensional boom motion in multiple degrees of motion. Spray deposit was
collected by a patternator at various application heights to investigate boom height effects
on spray distribution. Authors concluded that boom dynamics may increase the spray
deposit CV by 44 % compared with the CV from a stationary boom.

4

Rogers et al. (1982), on the other hand, used a standardized 30-m bumpy test
track for testing boom dynamics for boom lengths from 12 to 14 m, four types of boom
suspensions, and three types of sprayer vehicle tires. They concluded that tandem axles
and a self leveling boom made significant improvement in boom stability.
Test methods of sprayer boom dynamics, and boom dynamic effects on spray
deposit are classified in two ways: either in-field testing or in a laboratory with special
test equipment. Testing under actual field conditions has several advantages over the
laboratory test such as less limitation of test space and more field condition effects in the
results.
The study objectives of the thesis research herein are as follows:
1) To develop sprayer on-board instrumentation to monitor spray boom acceleration
and displacement when subjected to a field test track.
2) To measure and correlate spray boom dynamics and spray deposit characteristics
across a field track.
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Part II
Instrument System to Monitor the Dynamic Behavior of a 27-m
Sprayer Boom

9

Introduction
Agricultural sprayers should apply the intended rate of chemicals during various
conditions encountered in the field. Actual application of the desired rate is complicated
because of variations in distribution across the spray boom, variations in ground speed,
and non-uniform settling of spray due to air turbulence. To further compound concerns
over uniform application, increased emphasis on sprayer productivity has driven
applicators to use increased vehicle speed, increased boom width, and large droplet sizes
– potentially resulting in increased boom dynamics, increased range of boom tip motion,
and fewer droplets for spray coverage, respectively.
Boom motion has the potential to significantly increase the variation in the spray
deposit distribution. Horizontal nozzle velocity over the target influences the localized
spray rate (Ramon et al, 1997). Changes in boom height may result in over– and under–
application due to imprecise spray overlap. For example, Langenakens et al. (1999)
examined the effect of vertical translation, boom roll, and boom deformation on spray
pattern. They evaluated the influence of three sprayer speeds and two initial boom heights
on boom motion, and their results indicated that the coefficient of variation (C.V.) in
spray distribution ranged from 1.9 to 172.7 %. Thus, boom motion may significantly
affect the uniformity of spray deposit.
Monitoring boom motion under field conditions may lead to uniform spray
application developments. Several studies instrumented sprayers and off-road vehicles,
and are described in the following paragraphs.
Nation (1982) suggested that large spray deposit variance in a field was due to
spray boom motions. He mounted four accelerometers along a boom. Boom
10

displacements were calculated from the inverse of a double-integrated Fast Fourier
Transform of each vertical and horizontal acceleration. Boom tip displacements were
reported as deviation from the mean boom position and ranged from ± 0.3 m. Average
absolute differences between the predicted and measured boom displacements were less
than 0.1 m.
Ramon et al. (1997) monitored boom motion in the travel direction and its
influence on spray deposit to validate an algorithm that predicted spray distribution. They
used a tracked sprayer that moved a single nozzle over a 15-m patternator. The
measurement system had a displacement accuracy of 7.5 mm in the driven direction.
Results showed that relative difference between measured and simulated spray
distribution was less than 7 % under laboratory conditions.
Pochi and Vannucci (2001) developed a low-cost laboratory boom movement
measurement system. A potentiometer monitored vertical boom position and angular
transducers measured longitudinal boom position. A reference measurement system
consisted of infrared and ultrasound sensors. Results indicated a difference of less than 10
mm between the low cost system and the reference system.
Herbst and Wolf (2001) determined that boom movements should be evaluated by
a result-repeatable device. They developed a hydraulic actuator to repeatedly-apply
boom-jarring field conditions to evaluate spray uniformity. Boom displacements were
collected at sensor sampling rates of 30 Hz with an accuracy of ± 1 mm in threedimensional directions.
Sinfort et al. (1998) emphasized the importance of a low cost, ease of use, onfarm sprayer boom inspection technique. They determined spray boom dynamic features
11

with various bump-height and -length conditions. A video camera with a capture board
was used to monitor boom motions at a displacement error of 25 mm.
Garciano et al. (2001) investigated tractor vibration in low-, middle-, and highspeed ranges. Two strain-gage linear type accelerometers with a range from 1 to 2 g were
installed on the tractor chassis. A 4-channel analog data recorder collected signals filtered
by 30-Hz low pass filters. Results indicated that the tractor bounced at a natural
frequency of 3.2 Hz at a speed of 1.6 ms-1 and peak natural frequencies ranged from 4.2
to 4.8 Hz at speeds ranging from 2.1 to 2.4 ms-1, respectively.
Anthonis et al. (2002) developed a portable vibration tester for a tractor to
inexpensively evaluate off-road vehicles. The tester harmonically generated 61
combinations of single sine wave motion at frequencies ranging from 0.1 to 21 Hz, and
the tractor reaction from the tester was monitored by a linear variable differential
transformer (LVDT), and an A/D board in a personal computer. Results indicated that
pitch, roll, yaw, and jump motion had resonant frequencies of 1.3, 1.8, 4.4, and 3.4 Hz,
respectively. Jump was defined as a sudden vertical motion.
The project objective herein was to develop sprayer on-board instrumentation to
monitor spray boom acceleration and displacement when subjected to a field test track.

Method and Materials
Sprayer
A John Deere 4710 self-propelled sprayer with a 27.4-m wide, pin-mounted boom
served as the test vehicle (fig. 2.1)(All figures for Part II are located in Appendix A.). The
12

boom was mounted on the rear of the sprayer with a four-bar linkage for height
adjustment. The sprayer had a rated engine power of 149 kW delivered through a
hydrostatic system to each wheel fitted with a “380/90 R46” tire which had 32 pairs of
lugs. Leveling springs and dampeners restrained boom roll since the boom was free to
pivot about a longitudinal mounting pin. Tank capacity was 3028 L.
Sensors
The sprayer was instrumented with accelerometers, ultrasonic boom height
sensors, a discrete position-along-track sensor, and an on-board data acquisition system
(fig. 2.2). Sensors are described in the following sections:
Accelerometers
Spray boom and sprayer three-dimensional accelerations were measured by
accelerometers located at the sprayer vehicle rear, the boom center, and the boom ends.
Acceleration values herein are referenced to terrestrial gravity at sea level where 1 g =
9.81 ms-2.
The accelerometer rating, sensor damage limits, natural frequency, and model
were ± 10 g, ± 10,000 g, 600 Hz, and EGAXT (Entran Devices, Inc., Fairfield, NJ),
respectively. Three accelerometers were installed orthogonally as a unit at each test
location. Accelerometer units were installed on detachable aluminum plates (fig. 2.3) - to
facilitate the ease of removal and to prevent shock damage during boom fold operations.
The strain gauge-type accelerometers were activated with 15 VDC and produced DC
signal levels from 5.7 to 6.16 mV/g. Two serially-connected 12 VDC wet-cell automotive
batteries provided isolated power to the accelerometers. The voltage source was regulated
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from 24 to 15 VDC with an adjustable voltage regulator (Model LM117, National
Semiconductor Corp., Santa Clara, CA). The accelerometer manufacturer indicated an
accuracy of ± 1 % for accelerometers.
Boom height sensor
An ultrasonic distance sensor (fig. 2.3) was mounted on each boom end to
measure boom end height. The sensor had a rated working range from 0.25 to 6.1 m
(Model RPS-100/ Model RPS-500 analog ranging card, Migatron Corp., Woodstock, IL).
Sensors consisted of an ultrasonic transducer and a module for an analog ranging card.
The transducer was mounted using two aluminum plates attached to the bottom member
of the boom. The transmit/receiver module was also attached to the boom about 0.3 m
away from the transducer, and was powered by the previous-described 24 VDC battery
supply. Pre-calibration of the sensor was performed to verify the sensing range over the
mowed grass surface encountered at the track. The manufacturer of the ultrasonic
distance sensor indicated a worst-case sensor accuracy of ± 0.07 m for the boom
application on grass.
Position-along-track sensor
A photoelectric sensor was used (Model Mini Beam 2, Banner Engineering Corp.,
Minneapolis, MN) to synchronize data collection along the test track. The sensor was
installed on aluminum struts under the front of the sprayer (fig. 2.4). Sensor output was
monitored as 15.2 m-spaced multiple stakes intermittently blocked the light beam
between an emitter and receiver (fig. 2.5). The position-along-track sensor responded and
produced 120 to 200 data points in the data collection stream for that channel during a 2.5
kHz sampling rate.
14

Data Acquisition and Analyses
An internal PCI type data acquisition board (PCI-DAS6402/16, Measurement
Computing Corp., Middleboro, MA) with a 16-bit analog-to-digital (A/D) converter was
used to acquire sensor data. Board input capacity was either 32 differential channels or 64
single ended channels. Maximum sampling rate of the board was 200 kHz. Resolution of
data collection for the system ranged from 0.07 to 0.08 g for accelerometers.
The data acquisition board was installed in a desktop personal computer: Pentium
4, CPU: 1.7 GHz, Memory: 1 Gigabytes, (Dell, Austin, TX). A program compiled in
Visual Basic (Microsoft Corp., Redmond, WA) with Universal Library (Universal
Library Function Reference Revision 5.4, 2002) was used to start and stop data collection,
and to save data to the hard disk. Sensors were connected to the data acquisition board
through an interface board. A 6-pair shielded cable with individual drains per pair
connected sensors to the interface board. A 1.5-m ribbon cable linked the interface board
with the data acquisition board.
A sampling rate of 2.5 kHz was used to ensure that sensor signals were polled at a
frequency to not miss signal components as defined by the Nyquist Sampling Theorem.
Before driving the sprayer across the track, sensors were polled under static conditions
for two seconds to establish sensor offset errors. Following the data acquisition under
static conditions, the sprayer was operated across the track and data acquisition was
manually started with the sprayer underway before the first stake. Data were collected
from 15 sensors for 15 seconds, and automatically stopped. The sampling interval
corresponded with sprayer time across the track plus a few extra seconds to collect boom
dynamics on the smooth track for each test run.
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Collected acceleration data were filtered in the time-domain using a 2nd order
Butterworth band-pass filter implemented in Simulink software (Dabney and Harman,
1998). Band-pass frequencies ranging from 0.1 to 15 Hz were determined by examination
of raw accelerometer power spectrum data for primarily components. Energy of the
signal was defined as the squared signals distributed over the frequency range (Learning
MATLAB 6.5, 2002). Reported acceleration power spectra were calculated with Matlab
(The MathWorks, Inc., Lowell, MA) using the filtered accelerations as the source data.
Instrumented Sprayer Tests
The instrumented sprayer was examined on the test track constructed in a
surveyed river bottom of the Knoxville Experiment Station. The straight track was 220 m
long to safely allow sprayer acceleration/deceleration to/from a mid section equipped
with an earthen 20-cm high bump in the right track and an opposing 20-cm deep dip in
the left track (Figure 2.6). Bump and dip dimensions corresponded with a non-numbered,
draft standard for a sprayer test track proposed through the TC 23-SC 6 committee of the
International Standards Organization (ISO/TC 23/SC 6,1999).
Initial test
An initial test of the PC-based data acquisition was conducted to confirm system
operation and to examine data filtering. The sprayer was driven across the dip/bump track
configuration with 1/2-tank load of water at a speed of 12.8 kmh-1. Sensors were polled as
stated above; non-filtered versus filtered accelerometer data were examined; boom tip
height data were examined for complementary left versus right responses; and the track
position signal was examined based on the uniform interval time calculated from number
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of time increments determined by the sampling rate of the acquisition board. Example
data from the various sensors are presented as a function of distance along the track.
Dynamic behavior test
A replicated test examined the influence of track configuration on the
instrumented sprayer response. The instrumented sprayer was driven under three track
conditions: smooth, a 20-cm bump, and a 20-cm bump and 20-cm dip (fig. 2.6). Sprayer
tank load was ½ of capacity and empty. The sprayer was driven at the speed of 12.8
kmh-1 at a nominal boom height of 2 m to prevent the boom tips from striking the ground
as the sprayer traversed the bump and dip.

Results
Initial Test
Figure 2.7 shows an example of filtered vertical accelerometer data (boom center)
acquired by the data acquisition board when the sprayer was driven over the bump on the
track with ½-tank load. As indicated on the abscissa, the bump was located at 15.2-m
distance along track. Acceleration ranged from about 1.5 to –1.0 g after filtering to retain
signal frequencies ranging from 0.1 and 15 Hz. Boom acceleration increased as the
sprayer drove over the bump, and after reaching their magnitude at about 20 m from the
bump (about 4.8 seconds) they were damped to levels somewhat similar to those before
the bump. Note that a reduced, yet well defined level of oscillating acceleration was
measured on the “smooth” sections of track.
Figure 2.8 displays boom end height along the track corresponding with the
acceleration data of Figure 2.7. A slight amount of pre-bump roll was noted, and
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attributed to the pin-mount of the boom. After the 15.2-m distance, the expected changes
in boom height were detected as the bump in the right wheel track pitched the boom
counterclockwise, from the perspective of the sprayer operator facing forward. Change in
boom height was well detected under the dynamic conditions.
Figure 2.9 illustrates the sensing of location along the track. Voltage peaks
occurred when the instrumented sprayer passed the stakes that blocked the beam between
emitter and receiver. The observed, expected periodic peaks correlated time-based data
with distance along the track.
Dynamic Behavior Test
Excitation from a smooth track
Figure 2.10(a) illustrates the three highest power points of each test run for the
rear of the sprayer versus frequency for a ½-tank load. Points indicate that natural
frequencies of the sprayer in three-dimensions ranged from 4 to 5 Hz. Figure 2.10(b)
displays the corresponding power points of the boom center. Natural frequencies of the
boom center were mostly distributed in the same frequency range of the sprayer end;
similar sprayer motion was transferred to the boom through the four-bar linkage.
Bump excitation
Figure 2.11(a) shows the highest power points of each test run over the bump
track for the sprayer rear versus frequency with ½-tank load. Power was damped at
frequencies in the vertical direction to 1 Hz, and longitudinal and transverse frequencies
increased to 5 to 6 Hz. Figure 2.11(b) illustrates the highest power points of the boom
center. Frequencies of the boom center were similar to the sprayer rear. Power increased
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in the vertical direction of the boom indicating increased amplitude due to the bump;
power levels were similar in other directions.
Figures 2.12(a) and 2.12(b) display the cumulative power of three-dimensional
accelerations of the boom center for a smooth track and bump track with ½-tank load.
Predominate frequencies were changed by track conditions. The bump tended to decrease
frequencies of the vertical direction at the boom center and increased power by a factor of
two in the vertical direction compared to the smooth track. This evidence implies that the
bump generates vertical amplitude; it created the high energy to the vertical direction.
Figure 2.13(a) and 2.13(b) illustrate the vertical acceleration power spectra of the
boom left and right end on the smooth and bump track with ½-tank load. As they indicate,
the combination of bump and multiplier effect due to boom width increased power levels
from 4 to 19 times and from 1.4 to 15.8 times on the boom left end and right end,
respectively, based on the three highest 3 values of the power spectra. Downward boom
acceleration on the left end was greatest and contained the widest variety of frequencies
compared to the right end. Both ends had common power levels at the lowest frequencies.
In the other directions, the similar predominate frequencies were observed and power
levels did not increase as significant as in the vertical direction. Thus, the bump was
observed to create a range of frequency responses and high power levels due to the
excessive amplitudes of the boom ends.
Bump and dip excitation
Figure 2.14(a) and 2.14(b) display power spectra of the boom center in vertical
and longitudinal directions with ½-tank load. Addition of the dip in the track had an
insignificant effect on shifting frequencies, but increased power levels in the vertical
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direction. The dip decreased the highest power frequencies of the longitudinal and
transverse motions at the boom center. However, the transverse boom motion was
decreased by the dip.
On the other hand, both boom ends were affected in vertical direction with the
addition of the dip. Vertical motions of the boom end had a variety of frequency
components in the power spectra. Essentially the dip generated new frequency
components of the boom vertical motion with maximum power increase 6.6 times. Also,
low frequency, high power motions were created in the longitudinal direction. The
frequency range of the transverse boom motion was increased from between 5 and 6 Hz
to between 6 and 7 Hz.
Water load effect on dynamic response
Figures 2.15(a) and 2.15(b) show the differences on the power distribution of the
sprayer rear vertical acceleration due to absence or presence of ½ tank load in the sprayer
on a smooth track. Water load tended to reduce the main frequency component (4 Hz)
and power level, and to accentuate lowest frequency components (1-2 Hz). A possible
explanation is that water movement increased the lowest components and the increased
weight helped the sprayer to ride smoother. For boom ends, the water load increased the
observed frequencies in three directions, though insignificant changes occurred in
observed power.

Summary
A sprayer was successfully instrumented using accelerometers, ultrasonic height
sensors, a photoelectric sensor, and a PC-based data collection system to monitored threedimensional acceleration at the sprayer vehicle rear and boom, boom height at both ends,
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and sprayer position on the standardized track. Summaries of the research were as
follows:
•

The data acquisition board with 16-bit A/D provided adequate resolution and
sampling frequency.

•

Raw signals were effectively clarified by software filtering.

•

Natural frequencies of the sprayer were from 4 to 5 Hz in three-dimensional
directions; frequencies of the sprayer vehicle transferred to the boom center.

•

Sprayer water load dampened vertical vibrating energy of the sprayer.

•

The bump increased natural frequencies of the transverse and longitudinal directions,
and reduced frequency in the vertical direction of the boom center.

•

The dip had an insignificant effect in changing predominate frequencies in the
vertical direction; whereas low natural frequencies in longitudinal and transverse
directions were accentuated.

•

The bump and dip increased power levels at three locations on the boom by 19.3 and
15.8 times at the boom left and right end in the vertical direction.
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Figure 2.1 Instrumented self-propelled sprayer with 27.4-m boom.

Figure 2.2 Depiction of sensors mounted on the sprayer.
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Figure 2.3 Accelerometer detachable mount (top sensor) and ultrasonic sensor (bottom
sensor mounted on boom lower member).

Figure 2.4 Position sensor was mounted on struts under the sprayer.
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Figure 2.5 Uniform-distanced stakes on the test track triggered position sensor.

Figure 2.6 Instrumented sprayer parked on the test track bump and dip.
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Figure 2.7 Filtered vertical acceleration of the center of the boom for the bump track and
½-tank load (Acceleration values herein are referenced to terrestrial gravity at
sea level where 1 g = 9.81 m/s2).
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Figure 2.8 Height of boom ends as the sprayer drove over a bump in the right wheel track
with ½-tank load.
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Figure 2.9 Sensor output for position recognition along the bump track with ½-tank load.
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Figure 2.10 Highest three power points of three-dimensional accelerations for multiple
test runs on the sprayer rear and corresponding accelerations at the boom
center for smooth track, and ½-tank load.
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Figure 2.11 Top 3 power points of three-dimensional accelerations for multiple test runs
on the sprayer end and center of the boom with bump track and ½-tank load.
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Figure 2.12 Cumulative power of the three-dimensional acceleration of the boom center
when the sprayer was driven over a smooth track versus bump track with ½tank load.

34

1000
Bump Track
Smooth track

750
P o w e r (g 2 )

P o w e r (g 2 )

750

1000

Bump Track
Smooth track

500

500
250

250

0

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

(a) Boom left end

(b) Boom right end
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Part III
Sprayer Boom Dynamic Effects on Application Uniformity
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Introduction
The uniformity of spray application influences the amount of chemical or
biological crop protection products delivered to individual plants, rows, or field areas.
Motion of the spray boom may affect spray uniformity. For instance, the application rate
at a plant depends on the nozzle output, longitudinal boom velocity, and on the spray
overlap determined by the instantaneous boom height.
Most self-propelled sprayers control average boom height and manage boom
motion with passive boom suspension systems. Active control of boom motion is one
option that is rarely used. However, unsteady boom movement has been recognized as a
potential limitation to precision application (Ramon and De Baerdemaeker, 1997, Pochi
and Vannucci, 2001).
Womac et al. (2001) investigated the effects of nozzle height, driving speed, and
nozzle selection on spray distribution uniformity under field conditions. Venturi and
extended range elliptical orifice nozzles were tested for coefficient of variation (CV)
along static and moving booms (6 to 26 km/h). The C.V. of spray distribution ranged
from 5 to 17 % and from 6 to 37 % for static and moving booms, respectively.
Sinfort and Herbst (1996) emphasized boom motion and spray pattern evaluation
under actual field conditions. Sprayer boom motions were evaluated on a motion
simulator equipped with seven hydraulic servo jacks. Spray pattern was simulated by
software. They concluded that boom tip had the greatest spray deposit CV among boom
center, tip and in between.
Ramon et al. (1997) developed a polynomial model to predict spray distribution
with a single nozzle moved over a 15-m-patternator. The deviations between measured
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and simulated spray deposit were less than 7 %. They determined that downward boom
movement affected spray deposit more than upward boom movement.
Speelman and Jansen (1974) determined that the amount of spray boom vibration
was influenced by boom structure, soil roughness, and driving speed. They found that
increased amplitude in boom movement decreased spray distribution uniformity at a low
initial boom height of 0.5 m. Nation (1982) found that spray deposit variations were
proportional to spray boom end motion while spraying cereal crops. He determined that
random vertical boom motion was influenced by side-to-side rolling motion more than
vertical motion of the boom.
Iyer and Wills (1978) suggested that spray boom motion was a major source of
variation in spray distribution, and they investigated effects of boom height and
movement on spray distribution. Spray booms were considered as a rigid body that
sinusoidally vibrated. They concluded that boom height greater than an optimum value
achieved uniform spray deposit, and reduced nozzle spacing could accomplish uniform
spray at optimum boom height. They defined optimum nozzle height as nozzle spacing
times the cotangent of nozzle spray angle.
Langenakens et al. (1999) determined that increased driving speed led to
increased spray boom motion. They indicated that the spray distribution CV ranged from
2 to 173 %, and was affected by boom translation, roll, or deformation. Deformation was
defined as distortion induced by vertical and angular accelerations.
Herbst and Wolf (2001) suggested the importance of application uniformity of a
boom sprayer under various field conditions, and built a hydraulic test bench to simulate
field conditions to test boom motion effects on the spray deposit. Simulation results
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showed that trailed spray booms had spray distributions better than tractor mounted
booms.
The objective of the research reported herein was to measure and correlate spray
boom dynamics and spray deposit characteristics across a field track.

Method and Materials
Instrumented Sprayer
A John Deere 4710 self-propelled sprayer (John Deere, Moline, IL) with a 27.4-m
pin mounted boom was instrumented for this study (Jeon et al., 2003). The passive rearmounted boom had 54 triplet nozzle bodies equally spaced at 51 cm. The sprayer was
operated with its 3028-L, nominal capacity tank at one-half capacity and empty.
Figure 3.1 (All figures for Part III are located in Appendix B.) shows general
locations of sensors and the orthogonal system defining positive x, y, and z directions,
corresponding with longitudinal, vertical, and transverse directions, respectively. The
instrumented sprayer had three types of sensors: accelerometers, ultrasonic height sensors,
and a photoelectric sensor. Accelerometers measured three-dimensional accelerations at
the sprayer vehicle rear, at the boom center, and at each boom end. Acceleration values
herein are referenced to terrestrial gravity at sea level where 1 g = 9.81 m/s2. An
ultrasonic sensor monitored each boom end height above the ground as the sprayer
traveled along the track. Double integration of vertical accelerations using a trapezoidal
method resulted in vertical displacements differing less than a meter from ultrasonic
measured differences. Double integration of longitudinal accelerations were not deemed
accurate enough to determine instantaneous position of the boom over 51 by 76 mm
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targets used to collect spray deposit. A photoelectric sensor mounted 6.4 m ahead of the
boom was triggered by stakes placed at measured distances down the track to verify
sprayer location along the track. A data acquisition system collected data from sensors.
The system was equipped with a high-speed acquisition board, a desktop computer and
flat screen monitor. Sensors were polled at sampling rates of 2500 Hz determined by
Nyquist theorem. Software band pass filtering which ranged from 0.1 to 15 Hz was
conducted in Matlab Simulink (Dabney and Harman, 1998). Filtering frequency range
was determined by fast Fourier transformation of the data. Jeon et al. (2003) detailed
specifications of the sensors and data acquisition system.
Spray Nozzles
Extended range elliptical orifice fan nozzles (ER) (SprayMaster, Deere & Co.,
Moline, IL) and Ultra-Plus low drift venturi nozzles (UPLD) (SprayMaster, Deere & Co.,
Moline, IL) were selected for this study. A nominal size 4 of ER (ER4) and size 3 of
UPLD (UPLD3) were selected to produce contrasting droplet sizes for the experiment at
94 L/ha spray rate. Fan spray angle of both nozzle designs was 110°. Nozzle pressure was
adjusted for a constant application rate of 94 L/ha at a sprayer speed of 12.8 km/h.
Sprayer pressures were 124 and 152 kPa for the ER4 and UPLD3 nozzles, respectively.
Laboratory Test for Droplet Size Characteristics
A Malvern 2605 Lc droplet/particle size analyzer (Malvern Instruments, Malvern,
England) monitored the number density weighted droplet spectra with an 800 mm lens
providing a measurement range of 4 to 1530 µm. According to the manufacturer, the
instrument had an overall accuracy of ± 4 %. The nozzle was traversed, approximately
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250 mm above the laser beam several times (6-8) with the spray long axis normal to the
laser (Womac et al., 2001). Fiberglass filter media reduced droplet rebound to minimize
bias. Droplet spectra were characterized with tap water using at least ten replicate
measurement runs.
During spectra characterization spray pressures were measured using a 0.25 %
accuracy analog gage mounted in line with a pressurized liquid tank. Manually-measured
flow rates through the nozzles ranged from 1.029 to 1.064 L/min and from 0.963 to 1.017
L/min for ER4 and UPLD3 nozzles, respectively. Droplet testing pressures matched field
test pressures of 124 kPa for the ER4 and 152 kPa for the UPLD3. An average
cumulative volume curve was reported for each nozzle.
Field Test for Spray Deposit Measurement
Spray deposits were collected with 30 water sensitive papers (WSP) (Ciba,
Spraying Systems Corp., Wheaton, IL). WSP measured 51 by 76 mm and were stapled
flat, face-up on top of stakes placed in a grid on the test track (fig 3.2) in five rows
transverse to the track centerline. Figure 3.2 details placement dimensions. Analysis of
continuous 3.5-m long WSP strips, placed in longitudinal and transverse directions on the
track (data not presented), verified that discrete WSP samplers represented variation in
deposits. Spray deposit measurements were conducted under light wind (< 5 km/h)
blowing from the right to left side of the sprayer. Sprayed WSP were stored in
individually labeled envelopes and processed in the laboratory by an image analysis
system (Franz, 1993). Results included percent coverage, droplet density, and maximum,
minimum and average droplet sizes.
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Test Track Conditions
The sprayer was tested over a straight 220-m long level field with mowed grass.
The length of the track was determined by considering acceleration and deceleration of
the sprayer. A field elevation survey indicated +/- 0.1 m difference across the field. A soil
20-cm-bump and an opposing 20-cm-deep-dip were constructed on the track based on an
International Standard Organization (ISO) standard (ISO, 1999), and an unpublished ISO
working draft of standard on sprayer test tracks. Specific test conditions are detailed
below:
Smooth track
Three replicated test runs of the instrumented sprayer were conducted with onehalf tank load of water and an empty tank on the track after smoothing the bump and dip.
An initial, center boom height of 1.7 m was selected in order to match the height used in
tests with bump and bump and dip. The latter required an increased height to prevent the
boom ends from striking the ground. Only the dynamic measures were taken since a
considerable spray deposit database existed for smooth track operation for the sprayer
and nozzles (Womac et al., 2001).
Track with bump
On the track with a 20-cm high bump, the instrumented sprayer was operated and
spray deposits were collected. Five replicated runs each for ER4 and UPLD3 nozzles
were performed with the sprayer tank loaded to ½ capacity (1514 L). Three replicated
runs were performed with no water load in the sprayer. A 1.7-m initial boom height
prevented boom ends from striking the ground.
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Track with bump and dip
Test runs of the instrumented sprayer along with measures of spray deposit were
determined for the 20-cm bump and an opposing 20-cm dip. Four replicated runs each for
ER4 and UPLD3 nozzles were conducted with the sprayer tank loaded to ½ capacity. A
2.2 m initial boom height prevented boom ends from striking the ground.
Data Analysis
Three-dimensional acceleration data were subjected to analysis of variance
(ANOVA) (SAS User’s Guide, 1982) using a completely randomized design. Least
significant difference (LSD) values were calculated for acceleration data from each test
track condition. Pearson correlations between boom accelerations, height, spray coverage
and droplet density from ER4 and UPLD3 nozzles were examined (SAS User’s Guide,
1982). Also, instantaneous boom heights at each discrete WSP sampler, taking boom tilt
into account, were evaluated for spray uniformity due to ER4 and UPLD3 nozzles. WSP
data were grouped based on six height ranges of <1.0, 1.0–1.5, 1.5–2.0, 2.0–2.5, 2.5–3.0,
and > 3 m. Differences between general levels were evaluated using an ANOVA
assuming a completely randomized experimental design and mean separation using
Tukey-Kramer (SAS User’s Guide, 1982).

Results
Droplet Size Spectra Characteristics
Two distinctly different cumulative droplet distributions were measured (fig. 3.3).
Mean volume median diameters (Dv0.5) were 255 and 588 µm for ER4 and UPLD3
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nozzles, respectively. Mean Dv0.10 and Dv0.9 values were 96 and 488 µm, and 242 and 975
µm for ER4 and the UPLD3 nozzles, respectively.
Smooth Track
Acceleration levels along a smooth track were less than other track conditions. In
general, longitudinal and vertical accelerations at each instrument location were of
similar magnitude (table 3.1). Transverse accelerations were typically less. Well-defined
harmonic motion was observed at the boom center and sprayer end. Acceleration patterns
at the boom center appeared as a delayed response of the sprayer vehicle acceleration (fig.
3.4), possibly due to vibration transmittance through a four-bar boom mount linkage
positioned by hydraulic cylinders. High accelerations at boom ends (fig. 3.4) (table 3.1)
were attributed to increased energy associated with increased displacement.
Imperfections in smoothing the bump and dip were detected as increased longitudinal
accelerations after the 15.2 m track location (fig. 3.4). In the longitudinal direction, boom
ends had a mean maximum acceleration of 1.26 g with ½-sprayer tank load, and 0.96 g
for an empty tank. In the vertical direction, an empty tank also generally produced
reduced accelerations compared at the boom ends. Transverse accelerations were much
less (table 3.1). Smooth track acceleration data had an LSD value of 0.70 g (P < 0.05).
Boom end heights ranged from 1.12 to 2.03 m above the ground while operating
on the smooth track. Mean peak boom end height ranged from 1.12 to 2.02 m (½-tank
load) and from 1.48 to 1.93 m (empty tank). Opposing vertical displacements of the
boom ends resulted from boom roll about the center pin mount (fig. 3.5).
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Track with bump
The track bump increased boom end accelerations with mean maximum values
reaching 13.5 g on the left boom end in the vertical direction with ½-sprayer tank load,
and 14.26 g on the right boom end with an empty tank (table 3.2). Longitudinal
accelerations were less than vertical accelerations, with maximum values of typically
three to four g at the boom ends with ½-sprayer tank load (table 3.2). In the longitudinal
direction, the maximum mean acceleration (10.25 g) was experienced on the left boom
end with an empty sprayer tank. In the transverse direction, the maximum magnitude
mean acceleration (-1.42 g) was measured at the left boom end with a ½-tank load. Peak
accelerations occurred several meters after the bump (fig. 3.6). Boom motion may have
acted as a forcing interaction on the sprayer vehicle rear through the boom center and
mounting. At any rate, accelerations at these latter points were much less than the boom
ends, and were often less than one g. Bump track acceleration data had an LSD value of
0.14 g (P < 0.05).
The bump pitched the boom to a maximum height at about 10 m after the bump
(fig. 3.7). Average vertical displacement of the right boom end was 0.93 m (standard
deviation (S.D.) of ± 0.1 m) and -0.92 m (S.D. of ± 0.1 m) for the left end with ½-tank
load. With an empty tank, the mean displacement was 1.05 m (S.D. of ± 0.15 m) for the
right boom end and -0.81 m (S.D. of ± 0.06 m) for left end. Since left and right values
were not exactly inflections, the boom center evidently displaced due to the sprayer
suspension. Tank load effects had a statistically insignificant (P > 0.05) effect on the
mean of the boom end displacement.
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Boom end heights had a peak value of 2.73 m with the ½-tank load, and the
lowest was 0.35 m with the ½-tank load. With an empty tank, peak boom end height was
2.65 m and the lowest was 0.8 m. Mean peak boom end heights across test runs were 2.50
m (S.D. of ± 0.14 m) with ½-tank load and 2.58 m (S.D. of ± 0.06 m) with an empty tank.
Lowest ones were 0.52 m (S.D. of ± 0.16 m) and 0.84 m (S.D. of ± 0.04 m) with ½-tank
load and empty tank, respectively.
Spray coverage and droplet density ranged from 14.01 to 22.15 % and 112.7 to
184.7 spots/cm2, respectively for the ER4 nozzle. The UPLD3 nozzle produced spray
coverage and droplet density ranging 9.26 to 16.85 % and 34.38 to 58.09 spots/cm2,
respectively (table 3.3). The reduced spray coverage and droplet density by the UPLD3
nozzle was attributed to an increased droplet size (Dv0.5 of 588 µm) compared to that
formed by the ER4 nozzle (Dv0.5 of 255 µm). Droplet size also affected variation in spray
coverage. For example, mean CV values in spray coverage for left and right booms at a
track distance of 22.8 m were 19.1 and 37.2 %, respectively, for the ER4 nozzle versus
22.7 and 16.8 %, respectively, for the UPLD3 nozzle. A complicated profile of spray
coverage versus distance down track, left or right boom, and droplet spectra (table 3.3)
prompted the analyses of instantaneous boom height at each WSP sampler in latter
paragraphs.
Track with bump and dip
Overall, the bump and dip added about 5 g to peak accelerations at boom ends,
and added about 1.2 g to peak accelerations at the boom center (table 3.4) compared to
the track with the bump. Acceleration ranged from 7.2 to –7.8 g in the longitudinal
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direction, from 20.6 to –11.2 g in the vertical direction, and from 1.7 to –2.1 g in the
transverse direction (table 3.4). Evidently the additional elevation difference created by
the dip strongly contributed to the sharp increase in accelerations in the vertical direction.
Peak longitudinal accelerations occurred between track distances of 15.2 m (bump) and
30.5 m (fig. 3.8). Bump and dip track acceleration data had an LSD value of 0.01 g (P <
0.05).
The height of boom ends along the bump and dip track ranged from 3.5 to 0.34 m
(fig. 3.9). Mean boom end heights after the bump and dip for right and left boom ends
were 3.48 m (S.D. of ± 0.08 m) and 0.44 m (S.D. of ± 0.09 m), respectively.
Spray coverage ranged from 10.7 to 21.8 % for the ER4 nozzle, and from 12.4 to
17.8 % for the UPLD3 nozzle (table 3.5). The 12.2-m distance along the right boom, or
the outermost sampler, tended to have less spray coverage and was attributed to the
highly-pitched right boom and the light wind from the right side of the sprayer.
Maximum values in CV of spray coverage were 54.6 and 37.8 % for ER4 and UPLD3
nozzles, respectively (table 3.5). The maximum droplet density CV of the ER4 nozzle of
54.4 % was similar to 55.0 % for the UPLD3 nozzle.
Boom dynamic effects on spray deposit
Statistical significance of correlations between boom acceleration components
and spray deposit factors varied with test run (table 3.6). Droplet density correlated with
accelerations more than spray coverage. For example, 11 % of acceleration test run
combinations significantly (P < 0.05) correlated with spray coverage of the ER4 nozzle,
compared to 26 % for droplet density. Nozzle selection, or droplet size, also affected
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correlations. The UPLD3 spray deposit factors were less correlated with accelerations.
Specifically, 15 % of acceleration test run combinations significantly (P < 0.05)
correlated with spray coverage of the UPLD3 nozzle, compared to 22 % for droplet
density (table 3.6).
Localized boom height significantly (P < 0.05) correlated with spray deposit
factors in some of the test runs (table 3.7). Thirty-nine percent of test run-spray coverage
or test run-droplet density combinations were significantly (P < 0.05) correlated. With
one exception, coefficients of significant correlations were negative.
Boom heights in the 1.01 - 1.50 m range for the ER4 nozzle produced increased
spray coverage that was different from other boom heights, except the 2.5-3.00 m range
(table 3.8). A reduction in droplet density for the ER4 nozzle correlated with heights over
3 m for the ER4 nozzle. Spray coverage and droplet density were not significantly
correlated with boom height for the UPLD3 nozzle.

Summary
•

Two distinctly different cumulative droplet distributions were measured for ER4
and UPLD3 nozzles with Dv0.5 values of 255 and 588 µm, respectively.

•

Boom ends had substantially greater accelerations in longitudinal and vertical
directions than the sprayer vehicle rear and boom center.

•

The 20-cm soil track bump resulted in boom end accelerations ranging from 14.3 to
–6.7 g and a maximum vertical displacement of 1 m. Maximum CV of spray
coverage on the bump track was 53.4 % for the ER4 nozzle and 39.4 % for the
UPLD3 nozzle.
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•

The track with a 20-cm soil bump and an opposing 20-cm dip increased the boom
end acceleration range from 21.4 to –12.3 g and maximum vertical boom
displacement of 1.3 m. Maximum CV for the spray coverage on the bump-dip track
was 54.6 % for the ER4 nozzle and 37.8 % for the UPLD3 nozzle.

•

Droplet density frequently correlated with vertical acceleration.

•

Spray coverage significantly (P < 0.05) correlated with accelerations in 11 and
15 % of acceleration direction-test run combinations for ER4 and UPLD3 nozzles,
respectively.

•

Droplet density significantly (P < 0.05) correlated with accelerations in 26 and
22 % of acceleration direction-test run combinations for ER4 and UPLD3 nozzles,
respectively.

•

Thirty-nine percent of test runs significantly (P < 0.05) correlated localized boom
height with spray coverage and droplet density.
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Table 3.1 Smooth track acceleration ranges for the instrumented sprayer (Acceleration
values herein are referenced to terrestrial gravity at sea level where 1 g = 9.81
m/s2).
Mean acceleration range (g)
Measured
Location

Direction

½ Tank Load

Empty Tank

Maximum
1.26
( ± 0.72)[1]

Minimum
-0.99
( ± 0.15)

Maximum
0.74
( ± 0.10)

Minimum
-0.95
( ± 0.33)

1.26
( ± 0.29)

-0.80
( ± 0.23)

1.19
( ± 0.32)

-0.69
( ± 0.17)

0.20
( ± 0.00)

-0.19
( ± 0.01)

0.22
( ± 0.03)

-0.26
( ± 0.03)

Sprayer vehicle
rear

0.19
( ± 0.03)

-0.19
( ± 0.02)

0.22
( ± 0.02)

-0.25
( ± 0.01)

Left boom end

1.45
( ± 0.16)

-1.07
( ± 0.21)

1.29
( ± 0.55)

-0.84
( ± 0.27)

Right boom end

1.81
( ± 0.43)

-1.08
( ± 0.24)

0.76
( ± 0.18)

-0.89
( ± 0.10)

0.29
( ± 0.03)

-0.33
( ± 0.07)

0.28
( ± 0.03)

-0.31
( ± 0.07)

Sprayer vehicle
rear

0.24
( ± 0.03)

-0.25
( ± 0.01)

0.26
( ± 0.03)

-0.26
( ± 0.03)

Left boom end

0.24
( ± 0.02)

-0.25
( ± 0.03)

0.32
( ± 0.04)

-0.28
( ± 0.01)

Right boom end

0.20
( ± 0.05)

-0.22
( ± 0.06)

0.27
( ± 0.02)

-0.25
( ± 0.02)

0.20
( ± 0.02)

-0.21
( ± 0.02)

0.23
( ± 0.02)

-0.23
( ± 0.02)

0.23
( ± 0.08)

-0.22
( ± 0.01)

0.24
( ± 0.02)

-0.33
( ± 0.13)

Left boom end
Right boom end
Boom center

Boom center

Boom center

Longitudinal
(x)

Vertical (y)

Transverse (z)

Sprayer vehicle
rear
[1] Standard deviation
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Table 3.2. Bump track acceleration ranges for the instrumented sprayer (Acceleration
values herein are referenced to terrestrial gravity at sea level where 1 g = 9.81
m/s2).
Mean acceleration range (g)

Measured
Location

Direction

½ Tank Load

Empty Tank

Maximum Minimum Maximum Minimum
4.95
-3.23
10.25
-4.82
( ± 1.61)[1] ( ± 0.44)
( ± 2.27)
( ± 1.17)

Left boom end
Right boom end

2.86
( ± 0.61)

-4.35
( ± 1.87)

3.25
( ± 0.22)

-5.97
( ± 0.34)

0.52
( ± 0.35)

-0.56
( ± 0.53)

0.28
( ± 0.02)

-0.42
( ± 0.15)

Sprayer vehicle
rear

0.39
( ± 0.32)

-0.36
( ± 0.27)

0.25
( ± 0.03)

-0.23
( ± 0.01)

Left boom end

13.50
( ± 2.51)

-6.31
( ± 1.77)

9.89
( ± 1.40)

-6.68
( ± 1.37)

Right boom end

10.53
( ± 3.04)

-4.91
( ± 2.45)

14.26
( ± 2.24)

-6.68
( ± 0.63)

1.66
( ± 0.37)

-0.92
( ± 0.07)

1.00
( ± 0.03)

-0.83
( ± 0.05)

Sprayer vehicle
rear

0.89
( ± 0.11)

-0.95
( ± 0.30)

0.56
( ± 0.17)

-0.59
( ± 0.04)

Left boom end

1.05
( ± 0.59)

-1.42
( ± 0.41)

1.19
( ± 0.41)

-1.35
( ± 0.45)

Right boom end

1.15
( ± 1.12)

-0.92
( ± 0.36)

1.15
( ± 0.09)

-1.06
( ± 0.11)

0.90
( ± 1.29)

-0.79
( ± 0.63)

0.34
( ± 0.03)

-0.28
( ± 0.04)

0.43
( ± 0.17)

-0.42
( ± 0.26)

0.29
( ± 0.03)

-0.30
( ± 0.02)

Boom center

Longitudinal (x)

Boom center

Boom center
Sprayer vehicle
rear

Vertical (y)

Transverse (z)

[1] Standard deviation
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Table 3.3 Bump track generated spray coverage and droplet density for two droplet spectra.
Distance
along
track (m)
0

15.2
(bump)

22.8

30.4

45.6

ER4 nozzle
Left boom
9.1 m[1]

Spray Coverage (%)

10.7 m

12.2 m

UPLD3 nozzle
Left boom
Right boom

Right boom
9.1 m

10.7 m

12.2 m

9.1 m

10.7 m

12.2 m

9.1 m

10.7 m

12.2 m

18.53 20.13
17.7
(24.93) (31.35) (24.29)

15.23 18.87 18.47
(13.46) (15.42) (22.69)

14.7
9.28
11.26
(6.46) (35.45) (19.72)

15.15 14.67 16.85
(13.53) (10.63) (6.23)

Droplet Density (spots/ cm2) 152.6 162.9 145.8
(18.61) (11.36) (22.36)

146.1 154.0 160.1
(24.09) (10.97) (28.54)

46.84 37.55 43.42
(12.92) (43.30) (26.05)

39.79 43.73 48.44
(28.75) (28.70) (41.97)

17.34 20.21 20.16
(39.68) (34.14) (18.30)

15.27 14.01 15.85
(18.60) (19.06) (31.80)

14.54 10.84 11.72
(10.73) (29.70) (21.93)

14.10 13.72 14.50
(15.32) (16.11) (28.90)

Droplet Density (spots/ cm2) 133.00 159.10 150.00
(41.65) (22.63) (19.93)

145.50 122.90 112.70
(30.65) (29.94) (24.05)

42.62 36.05 39.31
(10.98) (56.84) (44.44)

39.81 50.84 48.16
(22.10) (43.88) (44.89)

19.61 18.05 20.13
(12.24) (23.77) (21.41)

18.19 21.70 22.15
(23.75) (34.42) (53.45)

14.97
9.26
12.31
(18.50) (39.42) (10.15)

14.51 15.06 13.56
(19.50) (20.19) (10.84)

Droplet Density (spots/ cm2) 184.70 171.70 159.20
(9.64) (26.27) (17.46)

144.80 135.00 152.90
(22.31) (22.37) (33.55)

37.24 34.38 48.84
(24.19) (57.13) (19.31)

56.71 55.39 47.44
(9.45) (32.15) (24.83)

19.74 17.63 18.57
(17.98) (5.84) (28.11)

17.69 18.25 18.22
(10.80) (16.71) (5.93)

15.74 13.56 13.87
(16.01) (25.96) (12.98)

13.79 13.49 12.98
(15.81) (22.91) (17.26)

Droplet Density (spots/ cm2) 166.90 167.60 140.20
(9.11) (15.33) (27.32)

184.60 170.20 168.40
(10.56) (11.81) (26.31)

37.89 41.33 40.71
(29.08) (33.03) (27.36)

51.18 46.82 47.78
(35.40) (24.31) (27.44)

17.82 18.34 17.45
(20.76) (24.37) (13.98)

18.50 17.73 18.00
(19.62) (12.13) (22.28)

13.88 12.46 12.91
(13.18) (35.47) (28.66)

12.92 13.20 11.60
(9.67) (17.73) (20.26)

Droplet Density (spots/ cm2) 160.40 158.50 155.20
(10.97) (18.30) (12.24)

163.60 150.20 171.70
(10.76) (20.71) (18.87)

58.09 57.50 51.27
(16.06) (34.03) (22.35)

50.54 55.03 45.84
(20.16) (33.69) (14.92)

Spray Coverage (%)

Spray Coverage (%)

Spray Coverage (%)

Spray Coverage (%)

[1] The transverse (z) distance measured from the center of the track.
[2] CV of replicate test runs
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Table 3.4. Bump and dip track acceleration ranges for the instrumented sprayer
(Acceleration values herein are referenced to terrestrial gravity at sea level
where 1 g = 9.81 m/s2).

Location

Mean acceleration range (g)
½ Tank Load
Maximum
Minimum
7.20
-3.80
[1]
( ± 0.79)
( ± 0.67)

Direction

Left boom end
Right boom end

4.14
( ± 1.27)

-7.74
( ± 1.67)

1.19
( ± 0.37)

-0.73
( ± 0.21)

Sprayer vehicle rear

0.34
( ± 0.26)

-0.29
( ± 0.05)

Left boom end

20.63
( ± 3.85)

-8.74
( ± 2.45)

Right boom end

15.33
( ± 5.17)

-11.17
( ± 4.50)

2.29
( ± 0.24)

-1.14
( ± 0.15)

Sprayer vehicle rear

1.06
( ± 0.16)

-1.32
( ± 0.50)

Left boom end

1.72
( ± 0.56)

-2.14
( ± 0.50)

Right boom end

1.66
( ± 0.50)

-1.61
( ± 0.70)

0.92
( ± 0.16)

-0.88
( ± 0.53)

0.72
( ± 0.07)

-0.66
( ± 0.18)

Boom center

Boom center

Boom center

Longitudinal (x)

Vertical (y)

Transverse (z)

Sprayer vehicle rear
[1] Standard deviation
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Table 3.5 Bump and dip track generated spray coverage and droplet density for two droplet spectra.
Distance
along
track (m)
0

15.2
(bump)

22.8

30.4

45.6

ER4 nozzle
Left boom
9.1 m[1]

12.2 m

9.1 m

10.7 m

20.84 20.94 14.84
(46.45) (40.69) (51.28)

16.83
(9.03)

15.19 14.13
(4.41) (20.17)

14.47 15.13 12.58
(10.92) (9.72) (10.89)

Droplet Density (spots/ cm2) 124.96 139.18 178.70
(28.75) (31.20) (17.30)

150.57 154.22 116.97
(18.79) (23.32) (39.03)

46.97 52.94 48.13
(39.94) (17.30) (39.77)

58.80 50.62 39.39
(31.34) (18.25) (13.40)

18.11 19.11 18.30
(54.56) (32.34) (30.87)

16.12 12.05 10.67
(11.85) (27.55) (31.68)

17.82 16.17 17.56
(10.83) (17.63) (14.92)

14.99 16.13 13.02
(20.35) (26.78) (9.52)

Droplet Density (spots/ cm2) 110.28 157.16 128.34
(54.43) (15.10) (23.88)

111.33 91.73 72.32
(9.94) (28.16) (34.69)

51.19 55.66 56.38
(23.93) (46.26) (17.20)

45.29 36.97 26.33
(28.68) (31.70) (55.03)

19.00 18.81 19.77
(27.47) (16.43) (4.35)

18.75 15.81 15.15
(22.99) (5.06) (16.50)

14.50 14.69 16.91
(6.28) (21.17) (37.79)

12.51 13.32 12.39
(20.70) (21.55) (32.93)

Droplet Density (spots/ cm2) 163.79 170.71 194.07
(16.75) (17.42) (12.55)

130.74 119.34 112.48
(34.14) (31.39) (19.46)

48.41 54.03 48.54
(7.77) (50.40) (28.33)

51.21 39.90 34.98
(32.22) (20.45) (23.44)

19.60 18.64 21.85
(3.93) (12.71) (11.62)

18.46 18.08 16.79
(29.36) (36.89) (15.66)

16.24 15.88 17.85
(21.98) (11.27) (14.51)

14.49 14.22 14.91
(8.90) (16.10) (13.68)

Droplet Density (spots/ cm2) 165.36 145.19 170.27
(9.53) (19.64) (14.82)

157.98 124.07 146.05
(19.40) (17.31) (13.75)

52.41 51.45 61.67
(20.34) (21.44) (12.92)

42.68 41.87 46.72
(23.71) (20.54) (61.43)

20.07 19.54 20.47
(16.49) (15.30) (14.07)

18.72 19.35 13.43
(20.14) (18.24) (26.58)

14.89 15.98 16.32
(12.42) (9.20) (12.93)

13.35 13.76 13.00
(18.50) (8.43) (13.23)

Droplet Density (spots/ cm2) 156.39 156.69 164.22
(21.61) (16.45) (12.46)

175.25 143.78 136.19
(5.51) (21.41) (39.70)

49.94 49.84 52.98
(28.73) (17.60) (10.78)

42.77 43.09 40.37
(34.79) (20.31) (16.47)

Spray Coverage (%)

Spray Coverage (%)

Spray Coverage (%)

Spray Coverage (%)

12.2 m

Right boom

15.59 17.29 19.73
(37.5) [2] (43.55) (13.68)

Spray Coverage (%)

10.7 m

UPLD3 nozzle
Left boom
Right boom

9.1 m

10.7 m

[1] The transverse distance (z) measured from the center of the track.
[2] CV of replicate test runs.
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12.2 m

9.1 m

10.7 m

12.2 m

Table 3.6 Correlations between accelerations and spray coverage and droplet density for multiple test runs.

Track

Bump

Bump
and
Dip

T
e
s
t

ER4 nozzle
Spray Coverage
X
Y
Z
[1]

Droplet density
X
Y
Z

UPLD3 nozzle
Spray Coverage
Droplet density
X
Y
Z
X
Y
Z

1

-0.272[2]
(0.147)

-0.210
(0.265)

0.200
(0.292)

-0.434
(0.017)

0.441
(0.015)

0.290
(0.120)

0.012
(0.948)

0.395
(0.031)

-0.050
(0.793)

-0.096
(0.615)

0.365
(0.047)

-0.200
(0.290)

2

0.453
(0.012)

0.152
(0.424)

-0.319
(0.086)

0.082
(0.666)

0.369
(0.045)

0.043
(0.820)

0.254
(0.176)

-0.053
(0.780)

0.052
(0.786)

0.241
(0.199)

0.571
(0.001)

-0.437
(0.016)

3

-0.362
(0.050)

0.361
(0.050)

0.151
(0.427)

-0.328
(0.077)

0.498
(0.005)

0.039
(0.837)

0.103
(0.588)

0.152
(0.423)

-0.146
(0.443)

0.420
(0.021)

-0.203
(0.281)

-0.078
(0.681)

4

-0.173
(0.362)

-0.020
(0.918)

-0.254
(0.176)

0.076
(0.689)

0.064
(0.738)

-0.102
(0.592)

-0.180
(0.340)

0.016
(0.935)

0.156
(0.410)

0.033
(0.861)

-0.013
(0.945)

-0.029
(0.881)

5

0.054
(0.777)

0.234
(0.214)

0.179
(0.345)

-0.127
(0.502)

0.404
(0.027)

0.387
(0.035)

-0.024
(0.899)

0.138
(0.468)

0.331
(0.074)

-0.245
(0.193)

0.468
(0.009)

0.058
(0.760)

1

0.196
(0.300)

0.012
(0.949)

0.164
(0.387)

0.077
(0.688)

0.162
(0.394)

-0.127
(0.503)

-0.394
(0.042)

-0.204
(0.307)

0.334
(0.088)

-0.408
(0.035)

0.301
(0.128)

0.514
(0.006)

2

0.085
(0.694)

-0.263
(0.214)

-0.194
(0.364)

0.095
(0.660)

-0.304
(0.148)

0.093
(0.667)

-0.386
(0.035)

-0.408
(0.025)

0.067
(0.726)

-0.334
(0.071)

-0.334
(0.071)

0.186
(0.326)

3

-0.158
(0.406)

0.084
(0.661)

0.182
(0.335)

-0.337
(0.069)

0.294
(0.115)

0.418
(0.021)

0.123
(0.516)

-0.111
(0.560)

0.104
(0.586)

-0.051
(0.789)

0.034
(0.857)

-0.240
(0.201)

0.191
(0.320)

0.053
(0.784)

0.253
(0.185)

0.079
(0.682)

0.345
(0.067)

0.029
(0.881)

0.002
(0.992)

0.232
(0.276)

0.371
(0.074)

-0.052
(0.809)

0.281
(0.184)

0.157
(0.463)

4

[1] X, Y and Z represent longitudinal, vertical, transverse direction relative to the sprayer.
[2] Rows represent each test run. Data in parentheses are P-value of correlation between two given variables. Bold correlation
coefficients are significant (P < 0.05). Correlation coefficients were calculated from each test run.
61

Table 3.7 Test-sorted correlations between localized boom height and spray coverage and
droplet density for multiple test runs.
ER4 nozzle
Track

Bump

Bump
and dip

[1]
[2]

Test

UPLD3 nozzle

Droplet
density

1

Spray
Coverage [1]
-0.581[2]
(0.001)

2

-0.368
(0.046)

Spray
Coverage
0.152
(0.422)

Droplet
density
0.225
(0.232)

0.148
(0.436)

-0.183
(0.333)

0.492
(0.006)

0.326
(0.078)

3

-0.399
(0.029)

-0.466
(0.009)

-0.058
(0.761)

0.336
(0.070)

4

-0.278
(0.136)

-0.091
(0.633)

-0.125
(0.511)

0.095
(0.616)

5

-0.208
(0.270)

-0.120
(0.529)

-0.492
(0.006)

-0.339
(0.067)

1

-0.053
(0.782)

-0.178
(0.347)

-0.623
(0.001)

-0.663
(0.002)

2

-0.515
(0.004)

-0.518
(0.003)

-0.465
(0.010)

-0.500
(0.005)

3

-0.324
(0.123)

-0.481
(0.017)

-0.086
(0.652)

-0.435
(0.016)

4

0.160
(0.408)

-0.048
(0.806)

-0.391
(0.059)

0.028
(0.897)

Data in parentheses are P-value of correlation between two given variables. Bold
correlation coefficients are significant (P < 0.05).
Correlation coefficients were calculated from each test run result.
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Table 3.8 Mean spray coverage and droplet density sorted by boom height range.
Sorted
Boom
Height (m)

ER4 nozzle

UPLD3 nozzle

Spray
Coverage (%)

Droplet density
(Spots/cm2)

Under 1[1]

-

-

Spray
Coverage (%)
16.70 (A)
(28.23)

Droplet density
(Spots/cm2)
43.34 (A)
(25.47)

1.01 – 1.50

20.65 (A)[2]
(23.16)[3]

160.19 (A)
(18.77)

13.60 (A)
(24.79)

45.53 (A)
(33.92)

1.51 – 2.00

18.19 (B)
(26.65)

2.01 – 2.50

16.92 (B)
(33.44)

153.63 (A)
(22.89)
143.00 (A)
(29.85)

14.17 (A)
(20.78)
13.93 (A)
(18.57)

49.56 (A)
(30.48)
45.68 (A)
(34.24)

2.51 – 3.00

19.63 (AB)
(29.36)

115.09 (AB)
(13.55)

14.55 (A)
(23.96)

40.80 (A)
(22.71)

Over 3

13.45 (B)
(33.42)

90.95 (B)
(31.75)

14.63 (A)
(13.03)

35.06 (A)
(54.72)

[1]
[2]

[3]

Calculated boom height above ground
Statistical-model estimated means of spray coverage and droplet density. Letters
indicate the column-wise mean comparison. Statistically-different (P < 0.05) means
have different letters.
Numbers in parentheses indicate the C.V. of the spray coverage or droplet density of
sorted height.
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Figure 3.1 Overview of the instrumented sprayer.
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Sprayer travel direction

Figure 3.2 Grid of water sensitive paper (WSP) stapled flat to stakes in the test track area.
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Figure 3.3 Droplet distribution of two droplet emission spectra.
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Figure 3.4 Longitudinal boom accelerations for a smooth track. Longitudinal responses for boom left end, boom right end,
boom center, and sprayer vehicle rear with ½-tank load.
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Figure 3.5 Height of boom ends along the smooth track with ½-tank load.
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Figure 3.6 Longitudinal boom accelerations for the bump track. Longitudinal responses for sprayer vehicle rear, boom left end,
boom right end, and boom center with ½-tank load.
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Figure 3.7 Height of boom ends due to the track bump with ½-tank load.
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Figure 3.8 Longitudinal boom accelerations for the bump and dip track. Longitudinal responses for boom left end, boom right
end, boom center, and sprayer vehicle rear with the ½-tank load.
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Figure 3.9 Height of boom ends due to the track bump and dip with the ½-tank load.
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Part IV
Summary
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There is great potential for improvement in agrochemical application using
sprayer booms in terms of applying intended rates. Improvement will prevent
environmental contamination and reduce unevenly applied agricultural products. To
achieve these goals while maintaining affordable manufacturing costs, the boom and
boom suspension design improvement is one of the best solutions in terms of enhancing
boom dynamic control. Design assessments will provide important information for
guiding the direction of the improvements.
A new test method for quantifying both sprayer vehicle and boom dynamics, as
well as spray deposits at ground field level was established in this study. The
instrumentation system (Pentium based PC with 16 bit A/D data acquisition board,
accelerometers, ultrasonic sensors, and a photoelectric sensor) was employed on a John
Deere 4710 self-propelled field sprayer. The instrumentation system is light weight,
produces reliable results, and easily adaptable to other sprayers. The established test
method used a software filtering technique instead of a hardware filter. Due to the
flexibility in filtering various frequency ranges, the software filtering technique provided
the ability of investigating an individual effect including track condition and tank load,
and the assurance of not missing any frequency components.
Test results provided dynamic information on both boom end heights, and
accelerations of the sprayer vehicle and boom under various field and tank load
conditions. Natural frequencies of the sprayer vehicle and boom were determined from
power spectra of the sprayer vehicle and boom acceleration data. Natural frequencies of
the sprayer vehicle and boom would assist in employing the optimum dampening system
at sprayer suspensions. Additionally, results of the study provided spray deposit data
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under measured dynamic boom conditions. Results indicated the dynamic effects on
spray deposit due to droplet spectra. These results may guide farmers and applicators to
use appropriate nozzle types for particular application conditions.
The primary objective of the study was to investigate approximate values of the
boom accelerations and boom end heights under various track conditions, and the
objective was well fulfilled with the instrumented sprayer that monitors the sprayer
vehicle and boom accelerations and boom end heights. Data from the study indicated that
the developed instrumentation system provided adequate resolution and sampling
frequency for dynamic data acquisition. Spray deposit analysis from the study also
indicated that increased droplet size had less influence on the spray deposit variation by
the sprayer vehicle and boom dynamics over the field. Furthermore, the data showed that
the field conditions and the water load in the sprayer tank had notable effects on
increasing dynamics and shifting natural frequencies of the sprayer vehicle and boom.
Study results indicated that the instrumentation system has potential utility for the
inspection of mechanical characteristics of field sprayer vehicles and booms as well as
other off-road vehicles.
For future study, the boom dynamic investigation at breakaway points is
describable to determine the breakaway point effects on boom dynamics and spray
deposit, and to improve joint design at breakaway points. Additional tests using the
instrumented sprayer for monitoring sprayer vehicles and boom dynamics are necessary
under various field conditions and droplet spectra to generalize the method.
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